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a  b  s  t  r  a  c  t
The  aim  of this  study  was, under  experimental  conditions,  to  investigate  infection  of Nor-
wegian  White  sheep  with  ovine  and  bovine  isolates  of  Dichelobacter  nodosus  of  varying
virulence.  In addition,  the  efﬁcacy  of  gamithromycin  as a  treatment  for the  experimentally
induced  infections  was  examined.  The  study  was  performed  as  a  single  foot  inoculation
using  a  boot.  Four  groups,  each  with  six  lambs,  were  inoculated  with  four  different  chal-
lenge  strains  (Group  1: benign  bovine  strain;  Group  2: virulent  bovine  strain;  Group  3:
benign ovine  strain;  Group  4: virulent  ovine  strain).  The  main  criterion  to  determine  that
infection  was  transferred  was  that D. nodosus  isolate  was  obtained  by  culture.  After  the  trial
all lambs  were  treated  with  gamithromycin.  Clinical  symptoms  of  footrot  developed  in  all
groups, and  when  removing  the  boots  two weeks  after challenge,  D. nodosus  was  isolated
from  5  of  24  experimental  lambs.  All lambs  tested  negative  for  D. nodosus  by  PCR  within  six
weeks  after  treatment  with  gamithromycin.  This  study  strongly  indicates  that  D. nodosus
isolates  from  both  sheep  and  cattle  can  be transferred  to  sheep  under  experimental  con-
ditions.  The  study  also  indicates  that  gamithromycin  may  be effective  against  D.  nodosus.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
Y-NC-NB
. Introduction
In 2008, ovine footrot was diagnosed in Norway for the
rst time in 60 years (Meling and Ulvund, 2009). The out-
reak was restricted to Rogaland, a county with a high
ensity of farm animals where co-grazing of sheep and
attle is practised (Vatn et al., 2012). Ovine footrot is a
ebilitating disease causing lameness and reduced animal
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welfare (Stewart, 1989; Dwyer and Bornett, 2004). Diche-
lobacter nodosus, a Gram negative anaerobic bacterium, is
the main aetiological agent and the bacterium produces
extracellular proteases, which are categorized based on
their thermostability (Beveridge, 1941; Depiazzi et al.,
1991). Benign isolates producing thermolabile proteases
are associated with mild interdigital dermatitis which does
not progress, whereas virulent isolates producing ther-
mostable proteases tend to cause severe footrot where the
keratinous part of the claw horn separates from its under-
lying tissues (Stewart, 1989). In addition to the virulence
of the involved bacterial strain, development of disease
depends on environmental conditions and differences in
ss article under the CC BY-NC-ND license (http://creativecommons.org/
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Table 1
Origin, virulence and serogroup of the challenge strains.
Group Origin and breed Virulence Serogroup
1 Norwegian Red cattle Benign I
2 Norwegian Red cattle Virulent A412 M. Knappe-Poindecker et al. / Sma
the susceptibility between breeds (Beveridge, 1941; Emery
et al., 1984; Egerton and Raadsma, 1991; Depiazzi et al.,
1998). Due to variations in DNA sequence of the ﬁmbrial
subunit gene ﬁmA, D. nodosus is divided into ten serogroups
(Claxton, 1989; Ghimire et al., 1998).
Antibiotics, such as oxytetracycline and enroﬂoxacin,
are used to treat footrot (Kaler et al., 2012). The more
recently introduced macrolid antibiotic gamithromycin
has been used as ﬂock treatment and even though highly
effective in some areas D. nodosus was not eliminated from
all sheep in all ﬂocks even though (Forbes et al., 2014).
D. nodosus is commonly isolated from cows with inter-
digital or digital dermatitis (Laing and Egerton, 1978;
Knappe-Poindecker et al., 2013). All isolates tested from
cattle in Norway having no contact with sheep produce
the heat labile protease and have been deﬁned as benign
(Gilhuus et al., 2013; Knappe-Poindecker et al., 2013).
The epidemiological importance of these infections for the
spread and control of ovine footrot is considered to be low,
and Beveridge (1941) concluded that cattle are unlikely
to be important as reservoirs for D. nodosus. However,
two previous Norwegian studies have indicated that cross-
infection of D. nodosus from sheep to co-grazing cattle
did occur (Rogdo et al., 2012; Knappe-Poindecker et al.,
2014). In the latter study, two cows stayed infected for at
least one housing season, creating a reservoir for virulent
D. nodosus. The bacterium has previously been transmit-
ted both naturally and experimentally between cattle and
sheep (Egerton and Parsonson, 1966; Wilkinson et al.,
1970; Laing and Egerton, 1978), but more studies of the
possible transfer of different strains from sheep and cattle
in Norway are needed.
The aim of this study was, under experimental condi-
tions, to investigate infection of Norwegian White sheep
with ovine and bovine isolates of D. nodosus of varying
virulence. In addition, the efﬁcacy of gamithromycin as a
treatment for the experimentally induced infections was
investigated.
2. Materials and methods
2.1. Experimental animals
The trial was  conducted on 27 weaned lambs of the breed Norwegian
White sheep (NKS). The 15 ewe  lambs and 12 ram lambs were chosen
randomly from the ﬂock belonging to the Norwegian University of Life Sci-
ences. This ﬂock is considered free of footrot based on clinical inspection
of  the claws in all sheep in the ﬂock and bacterial samples from random
sheep as part of the surveillance programme “Healthy Feet” (Vatn et al.,
2012). Prior to the start of the trial, all 27 lambs tested negative for D.
nodosus on PCR and FISH.
Each lamb had tags in both ears with a unique identiﬁcation num-
ber.  The lambs were aged 4–5 months at the start of the trial, and had
a  mean body weight of 44 kg (range 33–56 kg). During the trial, the
lambs were kept in the closed animal unit at the Norwegian University of
Life Sciences, Campus Sandnes, approved by the Norwegian Food Safety
Authority (National Animal Research Authority) for infectivity studies in
sheep. The stall contained nine boxes with rib mesh ﬂoor with no bedding
and they were completely separated from each other (mean size of 3 m2,
range 2.1–3.6 m2). Each box housed three lambs of the same gender.
The lambs were randomly allocated to four experimental groups, each
with six lambs, and a control group with three ewe lambs. Each experi-
mental group consisted of three ram lambs and three ewe lambs. Before
the start of the trial, the selected lambs underwent a clinical examination
by  a veterinary surgeon. The claw health of each lamb was controlled and
recorded. Swabs were taken from the interdigital skin on the right hind3 Norwegian White sheep Benign G
4 Norwegian White sheep Virulent A
5 (Controlgroup) – – –
foot of all lambs, and tested for D. nodosus by PCR as described below.
From this point, the lambs were isolated from other animals. Care was
taken to prevent cross-contamination during handling and feeding and
gloves were changed between every lamb at removal of the boots.
2.2. Preparation of the bacterial suspensions
Four different indigenous challenge strains were used in this study
(Table 1). It was  aimed for each experimental lamb to be inoculated with
10  ml  of a bacterial suspension containing 106–107 bacteria/ml. The chal-
lenge strains were grown anaerobically for six days on 4% hoof agar (HA)
with addition of 1% ‘Lab-Lemco’ powder (Oxoid, Basingstoke, UK) and
0.2% tryptose (Oxoid). Growth on each agar plate was checked for purity
using phase contrast, ﬂushed with 2 ml  room-tempered saline and gently
scraped with an L-shaped spreader to detach bacteria. The saline contain-
ing the bacteria was  collected using a Pasteur pipette and gathered in a
15 ml  falcon tube (Greiner bio-one, Frickenhousen, Germany). Additional
saline was added to each falcon tube to a total volume of 11 ml.  After gentle
mixing, 1 ml  of the suspension was removed and used to prepare ten-fold
dilutions in double distilled water. The dilutions were boiled for 1 min
and used as template in a real time PCR to detect D. nodosus (Frosth et al.,
2012). Using a 10 l inoculation needle, undiluted bacterial suspension
from the falcon tube was cultured on 2% HA and incubated anaerobically
at 37◦ C. Two  days later conﬂuent growth of D. nodosus on the HA plates
was  conﬁrmed from all the prepared broths used for inoculation of experi-
mental lambs. By real-time PCR, the presence of D. nodosus was conﬁrmed
in  the 10−7 dilutions from each inoculation broth.
The remaining 10 ml  bacterial suspension in each falcon tube was
immediately used to infect the experimental lambs.
2.3. The trial
Fig. 1 illustrates the timeline for the trial. On day 1, no events directly
affecting the infection trial were performed, but measurements were done
and samples collected to be used in an animal welfare study by Stubsjøen
et  al. (submitted).
On day 2 of the trial, the claw health of all lambs was controlled. Biop-
sies were taken with a 3 mm biopsy punch (Miltex, Inc. USA) from the
interdigital skin for histopathological evaluation and ﬂuorescence in situ
hybridization (FISH) for identiﬁcation of D. nodosus. The right hind foot of
each lamb was placed in Nordströms rubber boots® , and 10 ml  tap water
was  added to create moist conditions. The boots were secured with an
adhesive bandage and left on for seven days. The position of the boots
was  controlled daily, and the lambs were observed for signs of lameness.
Lameness was scored after Morck et al. (1994) as 0 = no limp; 1 = slight
limp; 2 = moderate limp and 3 = non-weight bearing.
On day 9 of the trial, the boots were removed and the feet examined
and scored for footrot after Egerton and Roberts (1971), as described in
Table 2. The boots were replaced and infused with 10 ml  bacterial suspen-
sion, which was prepared as described above. In the control group, 10 ml
tap water was added instead of bacterial suspension. The lambs were mon-
itored daily for the following two  weeks to assess lameness and pain, and
the  position of the boots was controlled. Pain was  scored after Ahern et al.
(2009) as described in Table 3. Lambs scoring >1 on lameness and/or pain
received 0.5 mg/kg live weight meloxicam SC every other day until the
pain resolved (Metacam; Boehringer Ingelheim vetmedica GmbH).
On day 23, two weeks after inoculation, the boots were removed and
the claws were examined for symptoms of footrot and blisters. Signs of
lameness were recorded. Swabs from the interdigital space for culturing
and  PCR regarding D. nodosus were collected. Because a viscid material
had formed in the boot, the skin was ﬁrst wiped with moist paper tow-
els before being dried off with a paper towel. Biopsies were taken and
analyzed as described below. Lambs with signs of footrot, lameness or
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Fig. 1. Timeline for the trial where 24 lambs were inoculated
Table 2
Scoring system adapted from Egerton and Roberts (1971) to describe the
foot lesions in the experimental lambs.
Score Deﬁnition
0 Normal interdigital space and claw
horn
1 Limited mild interdigital dermatitis
2  More extensive interdigital dermatitis
3  Severe interdigital dermatitis and
underrunning of the horn of the heel
b
c
t
a
u
w
P
2
P
f
p
c
s
s
c
e
m
T
T
n
Nand sole
4 As 3, but the underrunning has
extended to the walls of the claw
listers were treated with 0.5 mg/kg live weight meloxicam SC (Meta-
am; Boehringer Ingelheim vetmedica GmbH). Afterwards, all lambs were
reated once with 6 mg/kg live weight gamithromycin (Zactran; Merial) SC
s recommended by the manufacturer. The lambs were monitored daily
ntil  fully clinically recovered.
Over the following three weeks, the appetite and habitus of the lambs
ere recorded daily. To test the effect of gamithromycin new swabs for
CR  were taken on day 41, 65 and 90 of the trial.
.4. Bacterial sampling for D. nodosus – culturing, virulence testing,
CR analysis and serogrouping
The skin was  wiped with paper towels before samples were taken
rom the interdigital skin using two sterile swabs. Culture swabs were
laced in Transystem Amies agar gel medium with charcoal (Copan, Bres-
ia, Italy). When swabbing for real-time PCR, the wooden end of the cotton
wabs was  used and were placed in tubes with sterile phosphate buffered
aline (PBS) containing 0.02 M EDTA. Samples were sent by overnight
ourier to the Norwegian Veterinary Institute in Oslo for analysis.
DNA was  extracted from the swabs in PBS with EDTA using a nucliSENS
asyMAG extractor (bioMèrieux, Boxtel, The Netherlands) following the
anufacturer’s instructions. DNA from cultured isolates was obtained by
able 3
he pain assessment scoring system after Ahern and others (2009) used in a trial 
odosus and three control lambs also monitored for signs of pain.
Variable 0 1 
Mental assessment Normal and alert NC 
Respiratory rate Normal NC 
Recumbency Normal Slightly delayed rising 
Shifting weight Normal Mildly or occasional 
Appetite Normal Mildly reduced interest 
Palpation of foot No signs of pain Mild signs of pain 
C = No criteria applicable for this category with four different strains of Dichelobacter nodosus.
diluting broth culture 1:5 in double-distilled water followed by boiling for
one minute. Extracted DNA was stored at −20 ◦C. D. nodosus was detected
using a real-time PCR as described previously (Frosth et al., 2012).
Culturing was performed on 4% HA basically as described by Stewart
and  Claxton (1993), but with the addition of 1% ‘Lab-Lemco’ powder
(Oxoid, Basingstoke, England) and 0.2% Tryptose (Oxoid) to the HA.  When
possible, at least two D. nodosus suspect colonies from each sample were
subcultured onto 2% HA. An approximately 5 mm × 5 mm piece of agar,
with pure conﬂuent bacterial growth, was cut from the agar and trans-
ferred to HEPES-TAS broth (Stewart and Claxton, 1993). The broth was
incubated anaerobically at 37◦ C for 48-72 h. Purity of the broths was
checked by phase contrast microscopy, and the presence of D. nodosus
was conﬁrmed using real-time PCR as described above. Remaining broth
cultures were used for virulence testing using the gelatin gel test (GG-
test) as described below. Isolates were also stored at −70 ◦C in Bacto Heart
Infusion Broth (BD, Sparks, MD)  with 15% glycerol. A lamb was  considered
positive when an isolate was  obtained.
Isolates were categorized as virulent or benign based on their ability
to secrete thermostable or thermolabile proteases, respectively, as shown
by  the GG-test. The test was performed as described by Palmer (1993)
with previously described modiﬁcations (Gilhuus et al., 2013). Control
strains of D. nodosus were AC 6465 ST 198, a virulent strain producing
thermostable proteases, and AC 6466 ST 305, a benign strain produc-
ing  thermolabile proteases. Culture broths of virulent and benign control
strains were included on each gel.
In  order to allocate the isolates to serogroups A-I, the variable region
of  the gene encoding the ﬁmbrial subunit ﬁmA  was ampliﬁed by multi-
plex PCR (Dhungyel et al., 2002) with previously described modiﬁcations
(Gilhuus et al., 2013). DNA from the Australian D. nodosus prototypes
for serogroups A to I were included as positive controls. Double-distilled
water was included as negative control.
2.5. Sampling, histopathological evaluation and analyses of biopsies for
D.  nodosus by ﬂuorescent in situ hybridization (FISH)
Biopsies were taken from the caudal part of the interdigital space
with a 3 mm biopsy punch (Miltex, Inc. USA). In lambs with symptoms
of  footrot, the biopsies were taken on the border between healthy
were 24 lambs were infected with four different isolates of Dichelobacter
2 3
NC Signs of depression
Abnormal (slow or panting) NC
Requires encouragement to stand Unwilling or unable to stand
Moderately Constantly
Moderately reduced interest Inappetent
Moderate signs of pain Severe signs of pain
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Table  4
Results from culturing, serogrouping, PCR, footrot score and prevalence of lameness in the 27 lambs at removal of the boots on day 23 of the trial, two
weeks after inoculation in the four experimental groups and in the control group.
Group Origin Virulence N Culturing + Serogroup PCR + Footrot score Lameness score
0 1 2 3 0 1 2 3
1 C1 B3 6 1 I 3 0 1 5 0 4 1 0 1
2  C V4 6 1 A 2 1 2 2 1 5 1 0 0
3  S2 B 6 0 – 4 0 2 4 0 6 0 0 0
4  S V 6 3 A 6 0 2 4 0 65 0 0 0
5  – – 3 0 – 0 0 3 0 0 3 0 0 0
Total  27 5 15 1 10 15 1 24 2 0 1
1Cattle.
2Sheep.
solved.
from increased thickness of stratum disjunction, whereas
evident histopathological changes were present in the
other 20/27 biopsies, including two  of the three control
sheep. Although the severity of the changes varied, they
Table 5
Prevalence of D. nodosus detected by culturing among challenged sheep
with different footrot scores.
D. nodosus Footrot score
0 1 2 3
Culture
+ 0 1 3 13Benign.
4Virulent.
5 One of these lambs had lameness score 2 on day 17, but the lameness re
and diseased skin. The biopsies were immediately ﬁxed in 10% neutral
buffered formalin and sent to the National Veterinary Institute, Technical
University of Denmark, Copenhagen, for analysis.
The biopsies were processed routinely for histopathology and embed-
ded  in parafﬁn wax. Sections from all biopsies were stained with
haematoxylin–eosin for histopathological evaluation. The degree of epi-
dermal damage was  deﬁned as score 0 (normal epidermis), score 1 (mild)
as  mild epithelial proliferation and hyperkeratosis, score 2 (moderate)
as  severe epithelial proliferation and hyperkeratosis (parakeratosis with
increasing degeneration and mal-keratinization) and score 3 (extensive
to  diffuse) as severe epithelial proliferation with exudation, erosion or
necrosis of the dermal papilla according to Rasmussen et al. (2012).
For  FISH analysis, sections were cut (4 m)  and mounted on Super-
Frost + slides (Menzel-Gläser, Germany). For detection of D. nodosus and
bacteria in general, FISH was performed with previously published 16S
rRNA targeting oligonucleotide probes (Rasmussen et al., 2012). The
oligonucleotide probes were 5′ labelled with ﬂuorescein isothiocyanate or
Cy3 and hybridization was  carried out at 46◦ C. For light and epiﬂuoresce-
nce microscopy an Axioimager M1  microscope equipped with AxioCAM
MRc  and MRm  cameras, and equipped with the software AxioVision (Zeiss,
Oberkochen, Germany) was used.
3. Results
3.1. Dichelobacter nodosus
Altogether 5 out of 24 experimental lambs had D.
nodosus isolated on day 23, when the boots were removed.
The results from the culturing and PCR in each group are
presented in Table 4. D. nodosus was not detected by FISH
in any of the challenged sheep or in the control sheep.
3.2. Pain and lameness
No lambs showed signs of pain or lameness at the start
of the trial. During the trial, only one lamb was lame or
showed other symptoms of pain. This lamb, belonging to
group 4, had lameness score 2 on the right hind limb and
was lying more than normal on day 17 of the trial, eight
days after inoculation. The symptoms resolved without
reemerging after one injection with meloxicam. On day 23,
when the boots were removed, this lamb had footrot score
2, but was not lame. No lambs showed signs of depres-
sion, decreased appetite, were shifting weight or had pain
by palpation of the foot during the trial. Upon removal of
the boots, three lambs were lame. Group speciﬁc data are
presented in Table 4.3.3. Foot lesions
When examined prior to the start of the trial, none of
the lambs had symptoms of footrot or other claw diseases.
The boots remained in the correct position throughout the
trial. When the boots were removed after the seven-day
maceration period, the claw health was  unremarkable in
26 lambs. In the last lamb, a ram from group 1, the inter-
digital space was slightly hyperaemic, but the wool and
smell were normal and there were no signs of exudate. The
conditions in all boots were moist. There were no signs of
blisters in any of the sheep. Symptoms of footrot devel-
oped in all experimental groups and the recordings on day
23, when the boots were removed, are presented in Table 4.
Six lambs had blisters upon removal of the boots on day 23.
Table 5 shows the prevalence of D. nodosus among sheep
with different footrot scores.
3.4. Histopathology and ﬂuorescent in situ hybridization
The skin biopsies taken on day 2 of the trial were micro-
scopically found to be within normal anatomical range with
the exception of 4/27 sheep. Three of these lambs (from
group 1, 2 and 3, respectively) had minor changes in the
epidermis, and one lamb (from group 1) had moderate
changes. When the boots were removed on day 23, only
7/27 biopsies were found to be within normal range apart− 1 6 12 0
PCR
+  0 3 11 1
− 1 4 4 0
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ll related to the derma-epithelial junction especially in
he tips of the dermal papilla. Eight sheep, including one
ontrol animal, showed oozing of neutrophil granulocytes
long the superﬁcial papillary dermis and formation of
icro-abscesses in the tips of the dermal papilla. Multiple
mall pustules could be seen in all layers of the epidermis.
light lymphocytic perivascular dermatitis was commonly
een in the deeper layers of the dermis.
The ﬁve lambs which had D. nodosus isolated had a mean
pidermis score of 1.2 while the three lambs in the control
roup had a mean epidermis score of 0.3 on day 23.
.5. Follow-up of experimental lambs and treatment
ith gamithromycin
When the claw health was controlled on day 41,
8 days after removal of the boots and treatment with
amithromycin, 14/27 lambs had proliferative lesions of
arious sizes up to 2 cm in diameter in the interdigital
pace. The lesions occurred in lambs in all groups, including
ambs from the control group. Six lambs were still positive
y PCR, 20 lambs were negative, and the test was incon-
lusive in one lamb. On the follow-up examination of all
ambs on day 65, the lesions were healed, and all lambs
ested negative for D. nodosus by PCR. All lambs also tested
egative by PCR on day 90 of the trial.
. Discussion
D. nodosus was isolated from altogether 5/24 lambs from
roups 1 (bovine benign), 2 (bovine virulent) and 4 (ovine
irulent), but the proportion of infected lambs was  lower
han observed in other studies and the symptoms were
ainly mild (Ghimire et al., 1999; Morck et al., 1994).
epiazzi et al. (1991) found that benign isolates are more
ikely to cause mild footrot, and virulent isolates are more
ikely to cause severe footrot and in agreement with pre-
ious studies, the lambs in our study successfully infected
ith benign D. nodosus developed mild footrot (Wilkinson
t al., 1970; Laing and Egerton, 1978). Other studies have
hown some, but not complete correlation between viru-
ence and severity of the lesions which also was the case in
he lambs infected with virulent strains in our study where
nly 1/6 lambs infected with the bovine virulent strain and
one of the six sheep infected with the ovine virulent strain
eveloped severe footrot (Moore et al., 2005). There is a
nown difference in natural susceptibility between breeds,
nd Merino sheep, on which the other studies were per-
ormed, are known to be highly susceptible to D. nodosus
Egerton et al., 1972; Skerman et al., 1982; Emery et al.,
984). There are indications that Norwegian White Sheep
ave some natural resistance to footrot, at least compared
o Norwegian Pelt (Vatn et al., 2013), which may  have
educed the number of successfully infected lambs.
Inoculation of D. nodosus in sheep using a boot has pre-
iously been used and has the advantage that the sheep
re inoculated with a known number of D. nodosus and
voids the risk of lameness in several feet which is present
hen using wet  mats for inoculation (Morck et al., 1994).
hen using a boot in the trial, the possibility of false pos-
tive results occurs as a consequence of residual bacteriaant Research 121 (2014) 411–417 415
from the inoculant, but this possibility was  reduced when
the skin was  wiped clean before swabbed. In addition, D.
nodosus is documented to survive for no more than 14 days
and often shorter without claw material (Cederlöf et al.,
2013). Consequently, the chances for living bacteria surviv-
ing in the boot without infecting the lamb are unlikely. We
consider the chance of infection to be considerably greater
than the risk of residual bacteria in the boot being cultured,
even though this risk not can be excluded. This consider-
ation is supported by the higher mean footrot score and
mean epidermis score in the ﬁve lambs, from which D.
nodosus was isolated, than in the control lambs, also indi-
cating that the lambs were successfully infected.
Even though anaerobic and moist, the environment
in the boots may  have been suboptimal for the subse-
quent culturing because there was also some unexpected
growth from other bacteria in some of the samples. In
addition, D. nodosus is fastidious and demanding to cul-
ture, and the growth of these other bacteria may  have
disturbed the growth of D. nodosus, leading to false negative
results. Wiping the skin with a moist paper towel before the
bacterial samples were taken was necessary because the
feet were covered in an unexpected viscid material after
wearing a boot for several weeks. The cleaning may have
wiped away D. nodosus leading to false negative results,
but the bacterium is normally found inﬁltrating the epi-
dermis of infected animals and should thereby be protected
(Rasmussen et al., 2012; Knappe-Poindecker et al., 2013).
When swabbing for PCR the wooden end of cotton swabs
were used which also may  have collected some of these
protected bacteria and not only bacteria on the surface.
Consistent with a previous study, three times as many
lambs tested positive for D. nodosus by PCR than by cul-
ture (Frosth et al., 2012). However, PCR detects DNA from
both living and deceased bacteria, which opens for the pos-
sibility of false positive results if residual bacteria from the
inoculant are present.
Only 1/27 lambs showed signs of pain including lame-
ness during the study, and another three lambs were lame
when the boots were removed. It is possible that slight
lameness may  have been undiscovered because the size of
the pens was smaller than ideal for lameness assessment.
The shaping of the boxes was according to the guidelines of
the Council of Europe (2006). Severe footrot is associated
with lameness (Stewart, 1989), but the low prevalence of
lameness and few signs of pain are in agreement with the
mild symptoms developed, and that only 5/24 experimen-
tal lambs were successfully infected.
The three control lambs tested negative for D. nodosus,
but all three had lesions score 1 at the end of the trial. Score
1 is considered a limited mild dermatitis, and in this case,
we assume that the hyperaemia and the cellular reaction
in the derma-epithelial junction found histopathologically
were caused by irritation to the skin as a result of the
maceration, even though scald cannot be excluded. The
diagnosis interdigital dermatitis, as caused by macera-
tion, is supported by Egerton et al. (1969), who  found
histopathological alterations in the interdigital skin after
only four days of maceration. The hyperaemia in the inter-
digital space of one lamb in group 1 on day 7 of the trial is
also assumed to be caused by the boots. The mild dermatitis
ll Rumin416 M. Knappe-Poindecker et al. / Sma
at the time of inoculation could, however, have made this
lamb more susceptible to infection compared to the other
experimental lambs.
As the proliferative lesions, which were found at the
examination on day 41, 18 days after boot removal, were
equally distributed in all groups including the control
group, there is no reason to believe that they developed
as a result of D. nodosus infection. It can, however, not be
excluded that the wounds from the biopsies could have
made the skin more susceptible to infections.
Experimental groups of six lambs are sufﬁcient to
provide indications, but ideally the experimental groups,
as well as the control group, should have been larger.
Because footrot can cause severe lameness and pain, only
one foot on each lamb was inoculated taking account of
animal welfare issues. Using a facility especially built for
trials with infectious agents, the risk of both contamination
and spreading the disease was minimalized. D. nodosus has
in previous studies been identiﬁed in skin biopsies from
footrot lesions (Egerton et al., 1969), but with a lower sen-
sibility than by PCR (Knappe-Poindecker et al., 2014). In
their study, mainly severely affected sheep were included,
whereas only one sheep in the present study developed
severe symptoms of footrot.
In this study, and consistent with previous stud-
ies, gamithromycin seemed effective in the treatment of
footrot (Angen, 2012; Stamphøj, 2013). The D. nodosus
detected by PCR in 6/24 lambs on day 45 were prob-
ably deceased because the symptoms had healed, and
this hypothesis is supported by the ﬁnding that all
sheep tested negative on day 65 and 90. However,
a study only treating lame sheep with gamithromycin
cured almost all sheep from footrot, but was  not able
to eliminate the bacterium from all the treated sheep
(Strobel et al., 2014). The dosage and frequency of treat-
ment in our study can, based on the effect of the
treatment, be considered adequate. However, the use
of antibiotics is restricted in Norway, and the with-
drawal time of 64 days can be impractical for the farmer.
If gamithromycin is to be used in the elimination of
footrot, treatment should be performed only after thor-
ough examination of the ﬂock and careful consideration
of possible contribution to development of antibiotic
resistance.
5. Conclusion
The present study strongly indicates that virulent D.
nodosus isolated from Norwegian Red cattle and both
virulent and benign D. nodosus isolated from Norwe-
gian White sheep can be transferred to Norwegian White
sheep under experimental conditions. The study also
indicates that gamithromycin may  be effective against
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